Agriculture is a resource-intensive enterprise. The manner in which food production systems utilize resources has a large influence on environmental quality. To evaluate prospects for conserving natural resources while meeting increased demand for cereals, we interpret recent trends and future trajectories in crop yields, land and nitrogen fertilizer use, carbon sequestration, and greenhouse gas emissions to identify key issues and challenges. Based on this assessment, we conclude that avoiding expansion of cultivation into natural ecosystems, increased nitrogen use efficiency, and improved soil quality are pivotal components of a sustainable agriculture that meets human needs and protects natural resources. To achieve this outcome will depend on raising the yield potential and closing existing yield gaps of the major cereal crops to avoid yield stagnation in some of the world's most productive systems. Recent trends suggest, however, that increasing crop yield potential is a formidable scientific challenge that has proven to be an elusive goal.
Introduction
Agriculture currently appropriates a substantial portion of the Earth's natural resources. Crop production, pasture, and livestock grazing systems occupy 38% of total land area (1) . Water used for irrigation accounts for 80% of all freshwater consumption (2) . Nitrogen (N) fertilizer applied to agricultural land comprises more than 50% of the global reactive 1 N load attributable to human activities (3) . The use of these resources has a number of negative environmental consequences (4) (5) (6) . Land conversion from natural forests, wetlands, and grasslands to highly productive but simplified agroecosystems results in a substantial reduction in biodiversity on the converted land and a decrease in habitat for displaced wildlife and plant communities. Irrigation withdrawals from river systems and water bodies alter riparian habitat and reduce water quality necessary to support wildlife and native plant populations. Nitrogen losses associated with use of N fertilizer can result in nitrate contamination of water resources and increased emissions of nitrous oxide (N 2 O), a potent greenhouse gas with a forcing potential about 300-fold greater than CO 2 . Reduced water quality from irrigation withdrawals and nutrient losses from agricultural runoff have a negative impact on aquatic recreational activities that depend on pristine rivers, lakes, and coastlines.
Although production trends of the past 40 years have kept pace with food demand (Figure 1 ), at issue is whether the projected increases in food requirements can be met while protecting natural resources for future generations. Grain demand is expected to increase at a faster rate than population growth because economic development and urbanization will result in greater per capita consumption of livestock products in developing countries, where more than 95% of the population growth will occur (7) . Feed grains are projected to account for 35% of the increase in global cereal production to 2020 because the majority of increase in meat production will most likely come from grain-fed poultry and swine produced in confined feeding operations, which require about 3 kg grain to produce 1 kg of meat (8) . Therefore, world cereal demand is projected to increase by about 1.3% annually to 2025 (Table 1) .
To evaluate prospects for conserving natural resources and improving environmental quality while meeting increased food demand, we interpret recent trends and future trajectories in land use, crop yields, nitrogen fertilizer use, carbon sequestration, and greenhouse gas emissions to identify key issues and challenges. Our discussion will emphasize cropping systems that produce maize, rice, and wheat because these three cereals provide about 60% of all human calories, either directly as human food or indirectly as feed grains for livestock, and will likely remain the foundation of the human food supply because of their high yield potential and ease of storage and transport. We will not cover the availability of water for irrigation, which is another critical resource for cereal production, because several recent reviews provide a thorough examination of the issues related to freshwater supplies for irrigated agriculture (2, 10, 11, 12) .
Arable Land Resources

Estimating Land Reserves
Assessment of land resources available for agricultural expansion is estimated by the difference between land area currently used for crop production and land area that has the potential to produce crops. Most recent assessments rely on the land and crop database of the United Nations Food and Agriculture Organization (FAO) (9). Based on this approach, arable land reserves are estimated to be at least equal in size to the present area of cultivated land. For example, total land area suitable for production of at least one food crop was estimated at 3325 million ha (Mha), while existing irrigated and rain-fed cropland was estimated at 1505 Mha in 1994-1996, with another 156 Mha in settlements, roads, and infrastructure (13) . By difference, the land reserve available for crop production was estimated at 1664 Mha, which is larger than the amount of cropland in current production.
Given this seemly large land reserve, econometric models developed to predict future food demand-supply scenarios are typically based on the assumption that availability of arable land is not a constraint to expansion of cropped area (14) . Instead, cereal prices have the greatest influence on cropped Table 1 . Projected changes in population, cereal demand, yields, area, and prices from 1995 to 2025. Values shown refer to the business-as-usual scenario of food and water demand and supply based on the International Model for Policy Analysis of Agricultural Commodities and Trade (IMPACT) model (2) . Population projections are based on the medium scenario of the United Nations' 1998 projection (70) . Annual (50 Mha) in harvested cereal area from 1995 and 2025 (Table 1) , an increase that is about double the current U.S. maize area. Expansion of cereal production area in sub-Saharan Africa and South America is expected to account for most of this increase. Because this expansion is associated with constant or declining cereal prices, the increase in cropped area would be much greater if cereal prices were to rise. In contrast to this reassuring scenario of surplus arable land, Young (15) argues that the difference method is grossly misleading because it overestimates the amount of uncultivated land that can be farmed in a sustainable fashion, underestimates the amount of land currently in crop production, and neglects the increasing demand for land used for nonagricultural purposes. For example, annual cereal cropping currently practiced on steeply sloping cropland in South and Central America, the Great Lakes region of Central Africa, and in southern China is not likely to be sustainable over the longer term because of severe erosion risk. Perennial crops and agroforestry systems are better suited to these environments. Likewise, sustained cereal production is questionable in the semiarid zones of sub-Saharan Africa where population pressure has forced increased cropping intensity on soils of low fertility.
Case Studies: Sub-Saharan Africa and China
A critical issue for sub-Saharan Africa is whether food demand can be met by intensification of crop production on existing cropland without further expansion of agriculture into more marginal production areas where the risk of crop failure, soil degradation, and environmental damage is high. Unfortunately, FAO statistics provide little insight into this issue because only harvested area is reported. For example, the increase in harvested crop area accounted for nearly all of the increase in food production in sub-Saharan Africa between 1989-1999, when there was little increase in yield of the major food crops ( Table 2) . It is impossible, however, to determine the relative contributions of intensification from growing two or more crops per year on the same piece of land in subhumid and humid areas, versus a reduction in length of the fallow period in semiarid zones, or actual expansion of cropped area into previously uncultivated areas. Lack of such data makes it difficult to estimate available land reserves to support sustainable crop production in sub-Saharan Africa.
Cultivated land area also is underestimated in some highly productive regions. Recent estimates of cropland in China, confirmed by remote sensing, are 35%-40% greater than the cultivated area reported in official government land-use statistics (16) . But even with this larger estimate of cropped area, the land difference method suggests an additional land reserve of 30 Mha suitable for grain production. Such estimates do not account for the areas currently in cereal production systems that are not sustainable and the increasing amount of land needed for purposes other than agriculture. More than 2 Mha of agricultural land in China were converted to other uses from 1985 to 1995 (14) . If China continues to follow trends in developed countries, the demand for national parks, recreation areas, and scenery will increase rapidly as economic development proceeds. Moreover, the process of industrialization and urbanization will continue to encroach on existing highly productive agricultural land while expansion of cropping will occur on more marginal land. Similar development processes will reduce arable land reserves for agriculture in other densely populated regions of South and Southeast Asia, which are currently major centers of cereal production. Assuming a requirement for housing and infrastructure of 40 ha per 1000 people, FAO estimates a need for an additional 100 Mha of urban land in developing countries by 2030 (14) .
Preserving Natural Ecosystems
Native forests, savannas, and wetlands account for a large portion of the remaining land reserves worldwide. Forests currently occupy about 27% of the uncultivated land in South and Central America and Africa (13) . Preserving a large portion of these forest ecosystems is crucial for protecting the biodiversity and environmental services they provide. In addition, much of the remaining uncultivated land has severe constraints to crop production from soils that have physical or chemical properties that would limit plant growth without ameliorative amendments. Recent estimates suggest that only 7% and 12% of the potentially arable land in Africa and Latin America, respectively, are free of soil constraints (1) . Sustaining productivity on such land requires proper soil management technologies and improved use of nutrients and other amendments to maintain soil quality. It should also be noted that the current status of land degradation is not precisely known because the most comprehensive survey to date, the Global Assessment of Land Degradation (GLASOD), was conducted more than 12 years ago (14) . The GLASOD assessment estimated the total area of degraded land to be 1964 Mha, with nearly half of this area degraded to at least a moderate degree. Most of this degradation was the result of inappropriate agricultural practices. Recent trends indicate that total harvested cereal area has been decreasing since 1980 ( Figure 1b ). Although most of the decrease has occurred in developed countries, especially in Eastern Europe and the Former Soviet Union (FSU), harvested area has also decreased slightly in some developing countries since 1995. This trend raises the issue of whether the cost-benefit ratio of expanding cereal area in developing countries will be favorable if cereal prices continue a slow decline as predicted by the IMPACT model (Table 1) . Given the uncertainty in the estimates of land reserves for sustainable crop production, the steady conversion of agricultural land to other uses, and the need to protect large tracts of natural ecosystems, it seems prudent to establish policies at national and regional levels that minimize expansion of agriculture into uncultivated areas by meeting increased food demand with greater yields on existing cropland (17) . Increased yields, however, depend on maintaining an exploitable yield gap and the use of management practices that maintain soil quality and reduce the negative effects of crop cultivation on environmental quality.
Yield Potential and Exploitable Yield Gaps
Definitions
Yield potential is defined as the yield of a crop cultivar when grown in environments to which it is adapted, with nutrients and water nonlimiting and pests and diseases effectively controlled (18) . Hence, for a given crop variety or hybrid in a specific field environment, yield potential is determined by the amount of incident solar radiation, temperature, and plant density-the latter governs the rate at which the leaf canopy develops. The difference between yield potential and the actual yield achieved by farmers represents the exploitable yield gap ( Figure 2 ). Yield potential can be reduced by insufficient water supply, either from inadequate rainfall in rain-fed cropping systems or from suboptimal irrigation in irrigated systems. Hence, genotype, solar radiation, temperature, plant population, and degree of water deficit determine water-limited yield potential. In addition to yield reduction from limited water supply, actual farm yields are determined by the magnitude of yield loss from factors such as nutrient deficiencies or imbalanced nutrition, diseases, insect pests, and weed competition.
As average farm yields approach the yield potential threshold, it becomes more difficult for farmers to sustain yield increases because further gains require the elimination of small imperfections in the integrated management of soil, crops, water, nutrients, and pests. In general, such rigorous fine-tuning is not economically viable on a production scale such that yield stagnation typically occurs when average farm yields reach about 80% of the yield potential ceiling (20) .
Importance of Maintaining an Exploitable Yield Gap
Lack of an increase in rice yield potential is a mounting concern because yield stagnation is occurring in some of the world's most productive rice-pro-ducing regions as a result of a diminishing exploitable yield gap. Although aggregate rice yields in China appear to continue at a linear rate of increase established during the past 35 years (Figure 3a ), yields are now approaching the 80% yield potential threshold in several major rice-producing provinces. For example, clear trends of yield stagnation are evident in three of China's major rice-producing provinces, which account for more than 35% of Chinese rice production ( Figure 3b ). Likewise, yields are increasing very slowly in Japan ( Figure 3a ) and Korea (data not shown), where average farm yields are currently about 80% of yield potential estimated by crop simulation models (21) .
Yields are also stagnating in major rice-producing provinces of India (Punjab), the Philippines (Central Luzon), and Indonesia (Central Java), although these yield plateaus appear to be well below the 80% yield potential level (Figure 3c ). Substantial reductions in yield growth at levels below the 80% yield potential threshold are typical of trends observed in a number of other regions and countries where modern rice production technologies have been practiced for several decades. Specific reasons for the yield stagnation in these regions have not yet been identified due to a lack of long-term monitoring data on biophysical and socioeconomic determinants of yield and productivity (22) . Because yield stagnation in these areas is not associated with a diminishing exploitable yield gap, available evidence suggests productivity constraints from factors such as deterioration of soil and water quality, reduced access to irrigation water, and imbalanced nutrient use. It is also noteworthy Yield trends in major rice-producing countries and provinces where there is evidence of stagnation in the rate of gain in average rice yields. Country data obtained from (9). Province data were based on national agricultural statistics provided by D. Dawe, Social Sciences Division, International Rice Research Institute (IRRI). Note that yield data for China refer to official statistics. Actual yields are likely to be lower because of the apparent underestimation of crop harvest area in China (20) . that researchers have found it difficult to maintain yields at 80% of yield potential in all but a few of the long-term experiments on intensive irrigated rice systems in the developing countries of Asia (23) .
Estimating Trends in Rice Yield Potential
Maintaining an exploitable yield gap as average farm yields approach 80% of yield potential depends on achieving increases in yield potential through genetic improvement. Estimating trends in crop yield potential over time, however, is not a straightforward proposition. The most common method compares a time series of historical cultivars in a replicated field study. Cultivars chosen for such evaluations are typically the most widely used commercial varieties or hybrids of their time. The change in yield potential is estimated by plotting the yield of each cultivar against its year of release. A significant positive slope between yield and year of release is assumed to estimate the gain in yield potential-assuming the experiment is grown under nonlimiting conditions. This method places older cultivars at a disadvantage, however, because they were selected to withstand pathogens, insects, and soil and atmospheric conditions that existed during the period in which they were selected. But pathogen and insect pest populations evolve to overcome a cultivar's resistance to infection or infestation, soil properties change with intensive cropping, and atmospheric temperature and [CO 2 ] have risen steadily during the past 50 years. Whereas newly released cultivars are selected against contemporary conditions and are adapted to withstand them, older cultivars were not. Therefore, even with the best possible management practices to minimize the confounding effects of selection under different environmental conditions, it is not always possible to fully protect and optimize growth conditions for older cultivars.
Such a scenario is representative of modern rice-breeding efforts for intensive rice systems in tropical Asia. When historical inbred indica rice cultivars were grown in a replicated field study at two sites in 1996, there was a positive linear relationship between yield and year of release since 1966, with a slope of 75 kg ha −1 yr −1 (Figure 4 ). The oldest cultivar in this time series is IR8, which was released in 1966 and was the first widely grown modern inbred indica rice variety in tropical Asia. Although IR8 had the smallest yield when grown in 1996, it often attained yields of 9-10 Mg ha −1 when grown in the first years after it was released, and this yield level is comparable to the yield potential of the most recently released cultivars. The yield potential for this environment estimated by simulation is also 9-10 Mg ha −1 in years with typical weather patterns (21, 24) . Hence, there has been no detectable increase in the yield potential of inbred rice varieties in 37 years since the release of IR8 (25, 26) . Despite lack of progress towards greater yield potential, maintenance breeding efforts were highly successful in improving grain quality and maintaining yields in the face of substantial increases in disease and insect pressure-accomplishments of tremendous importance to sustaining rice production increases in Asia without expanding crop area.
When older cultivars are at a disadvantage in a historical time series comparison, a positive slope in the relationship between cultivar yield and year of release provides an estimate of resistance to contemporary stresses rather than an estimate of yield potential as shown conceptually in Figure 5 . Under this scenario, new cultivars of a given crop are released at regular intervals, and the yield of each cultivar declines as they become less adapted to evolving conditions in the agroecosystem. While maintenance breeding continuously identifies new cultivars with yield potential equivalent to older cultivars, there is no increase in yield potential per se.
Although there has been little, if any, improvement in yield potential of inbred indica rice varieties, there is convincing evidence of gains in yield potential from hybrid rice. Direct field comparisons of recently released indica rice hybrids with recently released inbred indica varieties have clearly documented Each data point is a mean of the two locations. The dashed line represents the maximum yield obtained with IR8 when grown at the IRRI Research Farm 30 years earlier, in the dry season of 1966 (28) . The figure is modified from Peng et al. (27) .
that rice hybrids have a 9% advantage in yield potential when grown in tropical lowland environments (25) . Hybrid rice presently accounts for about 50% of the rice area in China. Adoption of hybrids is beginning to occur in Vietnam, India, the Philippines, and Bangladesh, although they currently account for only 1.2% of global rice area outside China. Recent trends indicate that hybrid rice area in China has remained stagnant, and there are major impediments to commercialization in other countries. These impediments include the low yield of hybrid seed production, high seed cost, and poor grain quality of hybrid rice varieties. Moreover, the 9% yield potential advantage of hybrid rice represents a onetime gain from hybrid vigor rather than a sustained increase in yield potential over time.
In addition to hybrid rice, efforts are currently in progress to create new plant types with higher yield potential by crossing germplasm from tropical japonica germplasm with inbred indica varieties (26) . These efforts follow upon a 10-year breeding program, beginning in 1990, which developed the tropical japonica germplasm into lines that were adapted to lowland tropical environments. With continued investment in this program, it may be possible to increase rice yield potential by 5%-10%. While an increase of this magnitude is far less than the 25%-50% increases that the International Rice Research Institute (IRRI) had initially hoped for, even a small boost should be considered a major accomplishment given the lack of increase in indica inbred rice yield potential since 1966.
Figure 5.
Conceptual framework for breeding to maintain yields against evolving sensitivity to pathogens, insect pests, and abiotic environmental conditions without an increase in yield potential.
Estimating Trends in Yield Potential of Maize and Wheat
Estimating trends in maize yield potential is also difficult. Although maize breeders have been successful in developing hybrids with greater stress resistance, there is little evidence of an increase in yield potential (29) . In part, the lack of evidence reflects the scarcity of research investment in maize yield potential in both the private and public sectors. It may also reflect the brute force empirical selection approach used by maize breeders, which relies on testing tremendous numbers of hybrid lines in thousands of on-farm strip trials with primary emphasis on yield and yield stability. Such on-farm trials rarely provide management practices that support yields that approach yield potential levels. The result has been substantial improvements in resistance to the wide range of abiotic and biotic stresses that occur under on-farm conditions and greater adaptation to intensified crop management practices adopted by farmers during the past 40 years.
Without explicit research efforts on maize yield potential, the highest reported maize yields come from nationally sanctioned yield contests that include hundreds of farmers who adhere to contest guidelines with regard to minimum field size, harvest area, and independent verification (30) . Yield trends of contest winners for irrigated systems in the state of Nebraska indicate no increase in yield potential in the past 20 years, with a mean winning yield of 18.8 Mg ha −1 ( Figure 6 ). In contrast, contest-winning yields in rain-fed systems have increased markedly and are approaching the yield potential ceiling indicated by the irrigated contest-winning yields. 2 And while the current average irrigated maize yield is only 50% of yield potential, average yields are steadily increasing and will eventually approach the 80% yield potential threshold where stagnation occurs. In fact, a number of progressive maize farmers currently achieve yields that exceed 80% of yield potential in irrigated systems.
Investment in research to improve yield potential of wheat has been much greater than that for rice or maize. A number of field studies have compared yield trends of an historical time-series of wheat varieties (31, 32, 33) . Although these studies suffer from the same confounding factors as comparable studies with rice, the wheat evaluations were more rigorous because yield gains were quantified with and without fungicide protection against diseases and at different levels of N fertilization. Results consistently document a linear increase in wheat cultivar yields versus year of release. The greater number of investigations and wider range of environments in which these tests were conducted give greater weight to evidence of genetic gain in wheat yield potential. De-spite this apparent success, the rate of gain in these studies was estimated at 38 to 60 kg ha −1 yr −1 , which is considerably less than 1% of the yield of the bestyielding cultivar. Because the rate of yield improvement was strongly linear in these studies, the proportional rate of gain will steadily decrease as yield potential increases. With annual wheat demand projected to rise by a compound annual rate of 1.1% to 2025, the exploitable gap between yield potential and average farm yields will also diminish in high-yielding wheat systems. Evidence of yield stagnation is apparent in the Yaqui Valley of Mexico, where the International Maize and Wheat Improvement Center (CIMMYT) conducts much of its wheat-breeding effort, and the linear yield trajectory in the Indian states of Punjab and Haryana will soon reach yield levels at which stagnation begins to occur in the Yaqui Valley (Figure 7) . Together, the Punjab and Haryana states account for 34% of Indian wheat production. These trends emphasize the importance of continued efforts to increase wheat yield potential for sustaining yield gains at the farm level in major wheat-producing regions.
Are Existing Yield Gaps Large Enough?
To answer this question requires estimation of mean crop yield potential in the most important cereal-producing areas worldwide and data on current yields in these areas. To estimate current crop yield potential requires a robust crop simulation model that has been validated against direct measurements of maximum attainable crop yields from a number of environments and a long- term climate database for each of the major cereal-producing domains. Such geospatial modeling of yield potential and possible effects of different scenarios for global climate change have been evaluated for rice in Asia (21, 34) . Based on this analysis, it is clear that yield potential must be increased to meet future demand projections without a large increase in rice production area because current irrigated rice yields have already approached or will soon approach 80% of current yield potential. As a result, yield stagnation is already occurring in many of the world's most productive rice domains (Figure 3a,b ).
There has been no comparable effort to estimate maize and wheat yield potential in the most productive areas for these crops. Lack of such an analysis makes it difficult to estimate whether closure of existing yield gaps will meet projected demand for these cereals without expanding crop-production area. While the contest-winning U.S. maize yield typically ranges from about 15.7 to 20.0 Mg ha −1 depending on year (30), 2 the average yield potential is much smaller because the contest-winning yield represents the highest possible yield achieved under the most favorable combination of soil, climate, and crop management. Current average U.S. maize yields are 8.6 Mg ha −1 (1999) (2000) (2001) , which is perhaps 55% to 65% of the mean U.S. yield potential. Current average maize yields in developing countries, including China, are much smaller (2.96 Mg ha −1 in 1999-2001) because of greater constraints from poor soils, water deficits, nutrient deficiencies, and pests in many production areas. Despite these constraints, numerous studies have shown considerable poten- tial to increase yields with improved crop and soil management that includes nutrient input, weed control, and integrated pest management. Achieving adoption of such improved practices, however, will require substantial investment in applied research, extension, and market infrastructure-investments that are lacking in many developing countries.
Although it is clear that meeting projected rice demand will require both closure of the current exploitable yield gap and an increase in rice yield potential, the prognosis for maize and wheat is less certain. Our best guess is that closing the current yield gaps for maize and wheat is sufficient to satisfy demand for the next 20 to 25 years, but it will not be sufficient to meet the needs of a human population expected to reach 9 billion within 40 to 50 years. Hence, increasing yield potential of these cereals will also be a pivotal component of global food security.
Nitrogen Efficiency and Trends in Nitrogen Fertilizer Use
Adequate N supply is required for achieving high cereal yields (35) , but negative effects from improper N fertilizer use threaten environmental quality and human health at both local and global scales as a result of water pollution from nitrate leaching or runoff, air pollution, and greenhouse gas emissions. Estimates for the United Kingdom (36) and Germany (37) suggest that the environmental costs of N fertilizer use are equal to one third the total value of all farm goods produced. Because the relationship between crop yield and N uptake is tightly conserved (38) , achieving further increases in grain production will require greater N uptake by these crops. Hence, the key challenge going forward is to meet the greater N requirements of higher-yielding crops while concurrently increasing N use efficiency and reducing the reactive N load attributable to agriculture. To address this challenge requires detailed understanding of crop response to N and reliable projections of cereal production increases at local, regional, and global scales.
Inorganic Versus Organic Nitrogen Sources
Concern about the reactive N load from agriculture has led to calls for greater utilization of organic N sources and regulations reducing N fertilizer use. Organic production systems rely entirely on organic N sources. Even though only 1% of the world's cropland (about 16 Mha) is currently under certified organic production, demand for organic food is expected to grow, especially in developed countries, and organic agriculture may become a more widespread alternative to traditional agriculture in the next 30 years (14) .
Although it is generally believed that organic agriculture offers environmental benefits associated with a reduction in pesticide use (14) , the benefits from reliance on organic N sources have not been established, and the scientific basis for such a perception has not been documented. Controlling the fate of N from organic sources is just as difficult as managing the fate of mineral N fertilizer (39) . For example, nitrate leaching or runoff occurs whenever nitrate accumulation in soil coincides with a period of high rainfall or irrigation. Incorporating grass and legume cover crops, long fallow periods, mineral or organic N applications at the wrong time of the year, or small plant N demand (poor crop growth) can result in large nitrate leaching losses (40, 41) . Case studies have shown comparable or increased potential losses (42) , or decreased potential losses (43, 44) due to nitrate leaching and runoff from organic N sources as compared to fertilizer N. Many of these comparisons are flawed, however, because they compare different cropping systems, different amounts of applied N, and different yield levels. Under similar cropping systems with equivalent N input levels, nitrate losses from organic systems in the United Kingdom were similar to or slightly smaller than those from conventional farms following best management practices (45) . Overall, the available literature provides no clear evidence that nitrate losses are reduced by the introduction of organic farming practices if the goal is to maintain the same crop yield levels as conventional farming systems (46) .
Similar principles apply to other potentially harmful N loss mechanisms, such as gaseous N losses. In a study on a cultivated organic soil in southern Germany, total annual N 2 O-N losses were 4, 16, 20, and 56 kg ha −1 , respectively, for a fertilized meadow, a fertilized arable field, an unfertilized meadow, and an unfertilized arable field (47) . Although conversion from conventional to organic farming can sometimes reduce N 2 O emissions on an area basis, both systems emit similar amounts of N 2 O per unit of harvested yield (48, 49) . In irrigated rice systems where rice is typically grown in flooded soil, methane emissions increase with the addition of manure and straw compared to systems that only receive mineral fertilizer N (50, 51) . Reduction of N losses is therefore not a question of organic or conventional farming, but rather of using appropriate N management practices tailored to the needs of the particular cropping system.
Yield reductions are often associated with agricultural systems that follow organic practices (52, 53) , and these systems appear to require both premium prices and government subsidies to remain economically viable. They also require copious amounts of organic N sources or increased land requirements to accommodate rotations with leguminous green manures to provide an adequate N supply. While this is feasible in industrialized countries, organic or low-input agriculture cannot secure the future food supply in the developing world, where maintaining low food prices contributes most to reducing poverty and increasing economic wealth (54, 55) . Whereas organic N sources are critical components of the agricultural N cycle and should be utilized when they are available and cost-effective, cereal production at a global scale will largely depend on mineral N fertilizer to meet current and future food demand.
Nitrogen Efficiency at the Field Level
The relationship between crop yield and N supply follows a diminishing return function that makes it difficult to achieve high yields and high N effi-ciency without increasing nitrate leakage or N 2 O emissions (38) . At the scale of an individual field or experimental plot, grain yield (Y) and N uptake (U) increase with increasing N rate (F) and gradually approach a ceiling, which is determined by the site yield potential (Figure 8a,c) . At low levels of N supply, rates of increase in yield and N uptake are large because N is the primary factor limiting crop growth and final yield. As the N supply increases, incremental yield gains are smaller because yield determinants other than N become more limiting. The broadest measure of N use efficiency is the ratio of yield to the amount of applied N (NUE = Y/F, also called the partial factor productivity of applied N), which declines from large values at small N rates to much smaller values at high N application rates.
Crop yield response functions to N vary widely among different environments, and they can be shifted due to technological, environmental, or economic factors (56) . For example, the introduction of improved varieties with better adaptation to stress or innovations in N fertilizer management that improve the timing of N applications will shift the fertilizer response function up, which results in greater yield at the same level of N input (increase in NUE). Factors such as insufficient water supply, a decline in the indigenous N-supplying capacity of soil, a decrease in the uptake capacity of the root system due to soil toxicities or pathogens, yield limitations from deficiencies of nutrients other than N, and yield losses from insects, disease, and weeds can shift the response function down (decrease in NUE).
Nitrogen use efficiency is an aggregate efficiency index that incorporates the contributions from indigenous soil N, fertilizer uptake efficiency, and the efficiency with which N acquired by the plant is converted into grain yield. Evaluation of NUE requires separation of this aggregate efficiency index into component indices to understand the factors governing N uptake and fertilizer efficiency, to compare NUE in different environments, and to assess the effects of different N management options. To evaluate these components, agronomists typically estimate agronomic (AE), recovery (RE), and physiological (PE) efficiencies from applied N based on differences in yield and N uptake between fertilized plots and an unfertilized control (57, 58) . Alternatively, the continuous response functions between yield, plant N uptake, and fertilizer N input illustrate the curvilinear nature of crop response to N application (Figure 8a,b,c) . The incremental yield increase that results from N application can be defined as the incremental agronomic efficiency from applied N (AE i = dY/dF in Figure 8a ). The AE i is the product of the efficiency of N recovery from applied N sources (incremental recovery efficiency, RE i = dU/dF in Figure 8c ) and the efficiency with which the plant uses each unit of N acquired from applied N to produce grain (incremental physiological efficiency, PE i = dY/dU in Figure 8b) . The RE i largely depends on the degree of congruence between plant N demand and the available supply of N from applied fertilizer or organic N sources. Consequently, optimizing the timing, quantity, and availability of applied N is the key to achieving high RE i . In addition to N uptake by the crop and N losses, a portion of the N from applied fertilizer and organic sources is retained in soil as residual inorganic N (either ammonium or nitrate) or incorporated into various organic N pools; these include microbial biomass and soil organic matter. Such retention should be considered a positive contribution to N input efficiency only when there is a net increase in total soil N content. Because more than 95% of total soil N is typically found in organic N pools, an increase in soil organic matter (i.e., carbon sequestration) is required to achieve increases in total soil N. Sustained increases in organic matter in cropping systems practiced on aerated soils (e.g., maize-and wheat-based systems without irrigated rice) result in greater indigenous N supply from decomposition of the organic N pools, which can reduce N fertilizer requirements to maintain yields and thereby increase NUE (59, 60) . In contrast, greater soil organic matter in continuous irrigated rice systems does not necessarily result in an increase in N mineralization because there is little relationship between soil organic matter content and indigenous soil N supply in anaerobic soils (61, 62) . For cropping systems in which soil organic matter is declining over time, there is an additional loss of N above that from applied N fertilizer and organic N sources. This additional loss of N reduces NUE, and greater amounts of applied N are required to maintain yields.
Global Trends in Cereal Production and Nitrogen Fertilizer Use
Aggregate data on global crop production and fertilizer N consumption have often been used to estimate agriculture's contribution to the reactive N load in the global N cycle (3, 17, 63) . At a global scale, cereal yields ( Figure  1c , slope = 45 kg ha −1 yr −1 ), cereal production ( Figure 1a , slope = 31 × 10 6 Mg yr −1 ) and fertilizer N consumption (Figure 9a , slope = 2 Mt yr −1 ) have increased in a near-linear fashion during the past 40 years and are highly correlated with one another. Recent estimates indicate that the three major cereals receive 56% of global N fertilizer use while other cereals account for an additional 8% (64) .
In developing countries, cereal yields and production from 1960 to 2001 follow a linear trend (Figure 1a,c) . At the beginning of this time series, N fertilizer use was very small and increased exponentially during the course of the Green Revolution, resulting in a steep, nonlinear decline in the ratio of yield:N fertilizer use over time (Figure 9b ). The rapid increase in N fertilizer use followed the rapid adoption of modern high-yielding varieties that could respond to the increased N supply and cropping intensity (66) . The decrease in NUE occurs as farmers move yields higher along a fixed response function unless offsetting factors, such as improved management or yield limitations, shift the response function up or down (56) .
In developed countries excluding those in Eastern Europe and the FSU, cereal yields continue to increase linearly (Figure 1c ) while harvested area has declined since the 1980s (Figure 1b fertilizer use (Figure 9a ) have remained relatively constant. In Eastern Europe and countries of the FSU, N consumption dropped in the late 1980s as a result of political and economic turmoil. In these countries, the ratio of cereal yield: N fertilizer use doubled from 1988 to 2000 without improvements in yield potential or major changes in N management, and the ratio is now greater than in developing countries (Figure 9a,b) .
The fact that trajectories of cereal production and N fertilizer use in developing and developed countries deviate from linearity is hidden in trends estimated from aggregate global data. Hence, the regression of global cereal production on global N use (Figure 9b ) represents a crude index of global N use efficiency because this relationship is affected by changes in land area and yield, by stage of economic development, and by shifts in the yield response to N caused by adoption of improved germplasm and crop management technologies. Projections of future N fertilizer needs based on aggregated data can therefore be misleading unless these dissimilarities are considered.
Disaggregating Trends in Cereal Yields and Nitrogen Fertilizer Use
The ratio of global cereal production to global fertilizer N consumption has been used to illustrate trends in NUE over time and shows a curvilinear decline in the past 40 years (Figure 9b ). This decrease has raised concerns that future increases in N fertilizer use are unlikely to be as effective in raising yields as in the past (17) . Aggregate global data, however, do not provide a sound basis for estimating future trends because these trends differ widely between developing and developed countries, as discussed above, between different countries, and among the different cereal crops.
The relationship between the mean national yield of maize, rice, and wheat and the mean rate of N fertilizer applied to each of these cereal crops on a country-by-country basis is linear ( Figure 10 ). The slope (AE) of the combined regression suggests that cereal yields will increase by 37 kg ha −1 for each kg of additional N fertilizer. The slopes and intercepts (Y at zero N applied), however, differ significantly among the three crops.
While the regressions in Figure 10 can identify major differences in N efficiency among crops or countries, they are of limited value for projecting future N fertilizer requirements because the combined regression includes countries with substantial differences in soil fertility and in the technological sophistication of crop management. Relationships between yield and N use within a country differ significantly from this global regression. For example, regression of average maize yield and N fertilizer rate for each of the major U.S. maize-producing states explains 26% of the variation in U.S. maize yield and has a slope (AE) of only 13 kg kg −1 (Figure 11 ), which is nearly 70% less than the global AE for maize ( Figure 10 ). In contrast, the U.S. regression has a large intercept of 6.1 Mg ha −1 , which is more than sevenfold greater than the global intercept because maize is generally grown on fertile soils in the U.S. Corn Belt. Increasing the N rate in the United States has relatively little effect on average yields because yield levels are already high and are approaching the nonlinear range of the N response curve (Figure 8a) . Differences in the ratio of yield:N fertilizer rate among states are associated with substantial differences in soil quality and crop management. For example, the small yield:fertilizer N ratio in North Carolina is associated with the prevalence of highly weathered soils of relatively poor quality and small indigenous N supply in that state. In contrast, the larger yield:fertilizer N ratios in Wisconsin and Minnesota are associated with the higher quality of loess soils in those states, which have a greater indigenous N supply that shifts the N response curve upwards.
Relationships between yield and fertilizer N rate become even more scattered if farm-scale data are evaluated as seen in relationships among yield, plant N uptake, and fertilizer N rate from 179 fields under intensive rice cropping in Asia (Figure 12 ). These data are representative of much of the irrigated rice area in Asia. Average farm yields varied widely, but the mean yield of 5.1 Figure 10 . Relationships between yield of maize, rice, and wheat and average N rates applied in each country. Each data point represents one country (rice, 37 countries; wheat, 53 countries; maize, 56 countries). Sources: yield data were obtained from FAOSTAT (9); fertilizer N rates represent country-specific estimates for each crop based on surveys and industry sources, as summarized in the 5th edition (2002) of the IFA/IFDC/IPI/PPI/FAO database on fertilizer use by crops (64) . Values for each country refer to the average amount of N applied to the entire harvested area for each cereal crop.
Mg ha −1 was close to the global average yield for irrigated rice of about 5.2 Mg ha −1 (69) . Average N rates applied by these farmers varied from 56 to 198 kg N ha −1 , but across farms there was no relationship between rice yield and N fertilizer rate, or between plant N uptake and N rate (Figure 12a,c) . Yield was closely correlated with plant N uptake and formed an upper boundary line representing the most efficient N use for a given N rate at sites where N was the dominant yield-limiting factor (Figure 12b ). This boundary line becomes nonlinear as yields approach high levels; which confirms the curvilinear nature of the relationship between yield and N uptake at the field level ( Figure  8b) . Numerous farms fell below this upper boundary, indicating that factors in addition to N limited yield, which explains the lack of a relationship between yield and N rate (Figure 8a ). Among the factors that limit on-farm yields in addition to rate of N application are climate, the supply of other essential nutrients, disease, insect pest, weed pressure, stand establishment, and N management technology (e.g., timing, forms, and placement). As a result, the wide variation in NUE (46 to 88 kg grain kg −1 per kg of applied N) was largely determined by the large variation in RE (0.05 to 0.64 kg plant N per kg of N uptake from fertilizer).
As a result of the large differences in NUE among countries, regions, farms, fields within a farm, and crop species, policies that promote an increase or de- crease in N fertilizer use at a state or national level would have a widely varying impact on yields, farm profitability, and environmental quality. Instead, achieving greater NUE at state or national levels will require policies that favor increases in NUE at the field scale with emphasis on technologies that can achieve greater congruence between crop N demand and N supply from all sources, which include fertilizer, organic inputs, and indigenous soil N (38) .
Projection of Future Nitrogen Fertilizer Requirements
Estimates of future growth in global fertilizer consumption differ because of different forecasting methods and underpinning assumptions about food demand, land area, yields, and trends in NUE. Because rice, wheat, and maize account for 56% of the global fertilizer N consumption, we evaluated nine scenarios of global fertilizer N consumption by the three major cereals to 2025 ( Table 3 ). The different scenarios illustrate the sensitivity of N fertilizer requirements to trends in cereal yields, harvested area, and NUE.
At one extreme, scenario Ca, the harvested area declines by 7.4% due to decreasing availability of agricultural land at a rate similar to land use trends since 1980 ( Figure 1b ) and NUE decreases by 15%. Global N fertilizer consumption for rice, wheat, and maize in 2025 would be 61% larger in 2025 than in 2000 (1.9% yr −1 ) under this scenario. The annual rate of yield increase (1.6%) must be large enough to meet increased food demand (1.3%) and offset the decrease in harvested area (−0.3% yr −1 ). The average N rate to achieve the required yield level in 2025 is 151 kg N ha −1 , which is 74% above the current mean N rate. This large increase in N rate would increase environmental risks from N losses due to nitrate leaching, runoff, and N 2 O emissions because it is more difficult to match crop demand with N supply at higher rates of applied N.
Scenario Ab assumes that harvested cereal area increases at a rate of 0.3% yr −1 from both area expansion and increasing cropping intensity. While this scenario is not consistent with global land-use trends of the past 20 years (Figure 1b) , it is similar to the rate of increase in cultivated area predicted by the IMPACT model (2, 14) . It is also assumed that NUE remains unchanged, although this will require continuing progress in crop genetics (increase in stress resistance and small increases in yield potential) and improved crop management technologies (reduction of yield gaps). Consequently, average N rates would rise by only 28% (1.0% yr −1 ) and global N consumption would increase at the same rate as cereal production (1.3% yr −1 ). The other scenarios with constant NUE (Bb, Cb) give equivalent projections for N fertilizer consumption because grain yield increases are proportional to increases in total N use.
The assumption of constant NUE was also used to predict future N fertilizer consumption by the FAO baseline scenario (71) , by the econometric model of Bumb & Banaante (72) , and by Frink et al. (73) who based their projection on a model that considered population growth, gross domestic product, and crop production potential. Each of these models predicts an annual increase in N fertilizer consumption of 1.0% to 1.2% depending on the amount of expansion in cropped area in the different models.
Scenario Ac is the most optimistic with regard to total N fertilizer requirements and minimizing negative environmental risks from the applied N because it assumes an increase in both area (+7.4%, or 0.3% yr −1 ) and NUE (+15%, or 0.6% yr −1 ). An increase in NUE could result from greater investment in research on genetic improvement and on research and extension to develop and implement improved crop and N management practices. This scenario gives a a All scenarios assume that global population increases to 7.9 billion people (70) and that cereal demand increases by 37% (1. yield increase of 28% by 2025 (1.1% yr −1 ) with an average N rate of only 96 kg N ha −1 (+11%, or 0.4% yr −1 ) as compared to present levels. The additional environmental risk from greater N fertilizer use would be minimized because of smaller N rates and a total increase in N fertilizer use of only 19% (0.7% yr −1 ). Although this scenario minimizes environmental risk from N fertilizer, it increases the negative effects on natural resource conservation from expansion of cultivated area, especially if such expansion occurs at the expense of natural ecosystems or onto marginal land that cannot sustain intensive cereal production. Hence, Bc is perhaps the best overall scenario because it would increase NUE with no net change in harvested crop area and thereby achieve the required 37% increase in cereal production with a 19% increase in both N fertilizer use and N rate.
All of the scenarios of total N fertilizer use in Table 3 are much smaller than those from other studies that did not account for the interactive effects of changes in land area, yields, and NUE (66, 67, 77) . Because N fertilizer requirements are sensitive to these factors and given the most likely trends in harvested area and NUE (Table 3) , we believe our projections of global N fertilizer use on rice, wheat, and maize in 2025 (53 to 72 Mt N) represent a plausible range. Further improvements in predicting global N fertilizer use will require specifying the locations and cropping systems that will provide the increase in cereal production and the primary determinants of NUE in those environments.
Improving Nitrogen Use Efficiency
The key question is whether the increase in NUE proposed in scenarios Ac, Bc, or Cc is realistic? We assumed a modest increase of 15% over a 25yr period (0.6% yr −1 ), which results in an average of NUE of 46 kg grain kg −1 N applied as compared to 40 kg grain kg −1 N at present. Far larger increases in NUE have been achieved in recent years in various developed countries. In U.S. maize systems, NUE increased from 42 kg kg −1 in 1980 to 57 kg kg −1 in 2000 (38) , which represents a 36% increase (1.6% yr −1 ). Three factors contributed to this improvement: (a) increased yields and more vigorous crop growth associated with greater stress tolerance of modern hybrids (29), (b) improved management of production factors other than N (conservation tillage, seed quality, and higher plant densities), and (c) improved N fertilizer management (74) . In Japan, NUE of rice remained virtually constant at about 57 kg kg −1 from 1961 to 1985 but has increased to more than 75 kg kg −1 (32%, 1.8% yr −1 ) in recent years (75, 76) . Key factors contributing to this increase were a shift to rice varieties with better grain quality, which also had lower yield potential and nitrogen concentrations, and the adoption of more knowledge-intensive N management technologies (75) ; this resulted in a 17% decrease in the average N rate without a reduction in yield.
Increasing NUE in the developing world presents a greater challenge. Nitrogen use efficiency is particularly low in intensive irrigated rice systems of subtropical and tropical Asia, and the available evidence suggests that NUE has remained virtually unchanged during the past 20 to 30 years, despite in-creases in yield over time (74) . Carefully conducted research has demonstrated, however, that rice is capable of taking up fertilizer N very efficiently (77) provided the timing of N applications is congruent with the dynamics of soil N supply and crop N demand (78) . These principles have recently become embedded in a new approach for nutrient management (79, 80) . In field testing conducted in 179 rice farms throughout Asia, average grain yield increased by 0.5 Mg ha −1 (11%) and N fertilizer rate decreased by 5 kg N ha −1 with field-specific management compared to the baseline farmers' fertilizer practice (68) . Mean RE of applied N increased from 30% with farmers' practices to 40% with field-specific management that takes into account the large field-to-field variation in the indigenous soil N-supplying capacity. Studies in China documented even larger gains (81) . Improving the congruence between crop N demand and N supply also were found to substantially increase N fertilizer efficiency of irrigated wheat in Mexico (82, 83) .
These results highlight the potential for field-specific management in small-scale farming systems in developing countries, provided the technologies chosen match the biophysical and socioeconomic characteristics of the agroecosystem. Such improvements will require significant long-term investments in research and extension education. Several years of on-farm experimentation are required to develop an optimal N management scheme for a particular location that is characterized by a set of common environmental, socioeconomic, and cropping characteristics. Seasonal variation is large and fine-tuning of N management must be accomplished in accordance with other management factors that influence NUE, such as balanced supplies of macroand micronutrients, water management, optimal plant density, and pest control. In addition, substantial investments in research to raise rice yield potential also will be required because many intensive rice-producing regions are currently approaching the yield potential ceiling (Figure 3) , and the yield response to applied N becomes strongly curvilinear in this region of the response function. At present, we suspect that current investment in such research and extension efforts is grossly inadequate.
Carbon Sequestration, Greenhouse Forcing, and Soil Quality
Carbon Sequestration and Greenhouse Gas Emissions
The degree to which crop production systems contribute to increases or decreases in greenhouse gas concentrations is another issue of concern given modern trends in atmospheric composition and putative changes in global climate (84, 85) . Over the past 52 years, atmospheric CO 2 concentrations have risen by 18%, which may contribute to global warming (86). Soil represents one of the largest pools of carbon (C) in the terrestrial biosphere and contains about 1500 Pg C in organic forms, which is roughly three times the size of the biotic pool of C in terrestrial ecosystems (87) . Hence, small changes in size of the soil organic C (SOC) pool have a dramatic effect on the atmospheric C bal-ance. Although most of the increase in atmospheric CO 2 has been driven by accelerated fossil-fuel use, agricultural activity through deforestation and soil cultivation has contributed an estimated 55 Pg C loss from decomposition of SOC and release of CO 2 to the atmosphere during the past 150 years (86). Current estimated annual net SOC loss from land use change is in the range of 1 to 2 Pg C yr −1 , which occurs primarily in the tropics (88) . Agriculture also contributes to greenhouse forcing through the emission of N 2 O associated with the application of N fertilizer and through the consumption of fossil-fuel energy in the manufacture, distribution, and use of agricultural inputs and machinery. For example, application of N fertilizer accounts for about 60% of the fossil-fuel energy consumed in the production of U.S. maize (89) .
The net effect of a cropping system on greenhouse forcing potential can be estimated by accounting for all greenhouse gases emitted to the atmosphere or sequestered in soil or plant biomass. Such an analysis must consider the greenhouse gas emissions associated with all inputs and outputs used in the production system. Rates of CO 2 oxidation from SOC in a given cultivated field vary in relation to soil moisture and temperature regime, soil physical and chemical properties, the amount of carbon (C) input from crop residues, the chemical composition of organic C in these residues, and the degree of physical soil disruption (e.g., tillage). Consequently there is considerable potential to minimize the oxidation of existing SOC and to increase the inputs of crop residue-C through changes in crop and soil management. The potential for C sequestration in stable soil organic matter has been estimated in several studies (90) (91) (92) (93) (94) . Estimates of C sequestration potential in U.S. crop agriculture range from 0.075 to 0.208 Pg C yr −1 , which is equivalent to 5 to 12% of CO 2 emissions from total U.S. fossil-fuel consumption (Figure 13 ).
Global estimates of the mitigation potential of C sequestration in agricultural soils are in the 0.4 to 0.6 Pg C yr −1 range, or less than 10% of the current annual C emissions from fossil fuels (93) . In general, comparison of C sequestration rates in forest and agroecosystems suggest that sequestration potential is greater in timber production systems. However, recent results indicate that rapid turnover of organic C in the litter layer and N limitations to primary productivity of forest ecosystems, which are typically located on relatively poor soils, may limit the potential size of forest C sinks (95) .
The estimates of C sequestration in cropping systems are derived from direct measurements in long-term experiments and monitoring sites coupled with simulation and extrapolation of these point estimates to regional, national, and global scales. Decreased tillage intensity, reduced bare fallow, improved fertilizer management, crop rotation, and cover crops are factors identified as having the greatest potential to increase C sequestration (92, 96) . From our view, however, these estimates of agricultural C-sequestration potential are constrained by two factors. First, they are based on cropping systems that give average yields with average crop management despite the fact that average yields and biomass accumulation of the major cereal crops have increased steadily due to genetic improvements in crop cultivars and improved man-agement of soil and inputs (18, 97, 98) . For example, average U.S. maize yields have increased linearly for the past 35 years at a rate of about 109 kg ha −1 per year. Moreover, many progressive U.S. farmers currently produce maize yields that are 55% to 75% greater than today's average farm yield. Similarly, comparisons of cropping systems are questionable when crop management is not clearly defined with regard to the yield potential of the each system. For example, West & Post (99) compared C sequestration as affected by changing from conventional tillage to no-till in 67 long-term experiments from across the United States. They reported a mean C-sequestration rate of 900 kg C ha −1 yr −1 for maize-soybean rotations (n = 14) but only 440 kg C ha −1 yr −1 for continuous maize (n = 11). Yet analysis of the same data set with respect to the overall rate of C sequestration in response to a change from continuous maize to maize-soybean gave a mean annual C-sequestration rate of −190 kg C ha −1 yr −1 . Such discrepancies are likely to result from variation in the optimization of crop management and differences in sampling and measurement methods among these long-term experiments. Therefore, we believe that the most useful estimates of C-sequestration potential are derived from cropping systems managed to achieve yields that approach 80% of yield potential, which are attainable with progressive intensification strategies that increase both yields and input use efficiency. Such estimates would provide a more realistic prog- nosis for C-sequestration potential than estimates based on today's average yield with average management.
Second, the validity of C-sequestration assessments depends on the accuracy of estimated or simulated net primary productivity, the proportion of plant biomass that is returned to soil, and the rate of C transformations and turnover in soil. Several recent studies have attempted to assess current and future soil C-sequestration potential at a continental scale for Europe and North America based on ecosystem simulation models (89, 94, (100) (101) (102) (103) (104) (105) . Because these models are typically validated against data from long-term experiments in which net primary productivity and management follow current average practices, or even antiquated practices, their ability to simulate future scenarios outside the range of validation is questionable. For instance, three of the most widely used maize simulation models, CERES-Maize (106), Muchow-Sinclair-Bennett (107), INTERCOM (108), and the ecosystem C balance model CENTURY (109, 110) , underestimated recycled aboveground crop residues by 13% to 47% when compared with field measurements in a high-yield long-term experiment at Lincoln, Nebraska (Figure 14 ). In addition to underestimation of crop residue yields, the CEN-TURY model over-estimates root biomass. In one field study at Mead, Nebraska, measured maize root biomass was 1.9 Mg ha −1 at anthesis, which is the point of maximum root biomass, but the CENTURY model predicted a root biomass more than threefold greater (D.T. Walters et al., unpublished data). Although current ecosystem C balance models are useful to explore future trends under different scenarios, more accurate and robust models are needed to provide reliable estimates of the actual magnitude of C sequestration in response to changes in crop management and climate-especially at crop yield levels that are substantially higher than current average yields of maize, rice, and wheat systems.
Soil Quality, Nitrogen Requirements, and Greenhouse Gas Emissions
In addition to mitigation of greenhouse gas emissions, C sequestration benefits soil quality by increasing organic matter content (111, 112) . Soil organic matter contributes to soil quality and ecosystem function through its influence on soil physical stability, soil microbial activity, nutrient storage and release, and environmental quality (113) . The essential plant nutrients N, phosphorus (P), and sulfur (S) are components of the chemical building blocks that form soil humus. These nutrients are mineralized into plant-available forms by microbial activity that decomposes the humus. Humus is especially rich in N, which comprises 4%-6% of soil organic matter mass. Hence, C sequestration in soil humus requires input of both N and C that exceeds the output of these elements from an ecosystem.Thus, in many cropping systems, the application of N fertilizer increases soil C sequestration through augmented plant productivity and increased return of crop residues (114, 115) .
When the net C and N balance results in C sequestration, the larger size of the SOC pool results in greater rates of SOC decomposition in aerobic soils. Because the C:N ratio of SOC is relatively stable, an increase in SOC decomposition will result in a greater indigenous supply of plant-available N and a reduction in N fertilizer requirements (scenario B, Figure 15 ). Additional improvement in NUE can occur when the benefits of C sequestration are coupled with increases in crop yields from adoption of cultural practices that reduce yield losses from abiotic and biotic stresses and improve N fertilizer efficiency (scenario C). Therefore, management practices and policies that encourage enhancement of soil quality through C sequestration will also lead to a reduction in N fertilizer requirements per unit of yield in cropping systems on upland (i.e., aerated) soils. The effect of enhanced soil quality from C sequestration also can improve crop yields from postive effects on other soil physical and chemical properties that influence root development, water-holding capacity, water infiltration rate, and the availability of P and S.
Nitrous oxide losses via nitrification and denitrification are estimated to average 1.25±1.0% of applied N fertilizer (116, 117) . Although this reference value is widely used to estimate N 2 O emissions from agriculture, the pro- Figure 14 . Aboveground maize vegetative biomass (stover) at maturity as measured in a high-yield field experiment at Lincoln, Nebraska, and corresponding estimates of biomass yield by four widely used simulation models. Values shown are means and standard errors for three years (1999 to 2001) and three plant population treatments in each year (n = 9). Numerical values above simulation bars represent the percentage of the measured biomass yield. In this field study, the maize crop was managed to achieve the minimal possible stress from biotic and abiotic factors.
portional loss may vary considerably as influenced by management practices, crop vigor, climate, and soil properties (118, 119, 120) . Losses also differ among N fertilizer formulations with the greatest losses occurring from anhydrous ammonia (121) . Despite this variation, denitrification losses are typically proportional to the amount of applied N fertilizer because the nitrification of NH 4 + is associated with constituitive formation of small amounts of N 2 O, and because nitrate is denitrified to N 2 O by anerobic reduction mediated by facultative microbes under wet soil conditions.
Recent field (122) and simulation studies (103) have demonstrated that trace gas fluxes and whole-system energy balance must be considered in quantifying the greenhouse forcing potential of different land management options. For example, maize-based cropping systems that dominate agricultural land use in the north-central United States are considered to have significant under-utilized C-sequestration potential (123) , but they also contribute significantly to global greenhouse gas emissions. Hence, the positive effects of sequestering C can be offset by emissions of greenhouse gases such as nitrous oxide (N 2 O) or inefficient use of fossil-fuel energy embodied in other Figure 15 . Hypothetical relationship between maize yield (Y) and the N application rate (F) for average soil quality and average yield (curve A), average yield and increased soil organic matter content and associated indigenous N supply (curve B), and increased soil organic matter content and indigenous N supply with improved crop management to achieve greater N fertilizer efficiency at all rates of applied N (curve C). Scenarios B and C assume an increase of 50 kg N ha −1 in indigenous N supply from the increase in soil organic matter. Insert shows the overall N use efficiency (Y/F) for each scenario.
crop and soil management operations (122) . Previous research has illustrated effects of crop rotation, tillage, irrigation, crop residues, soil conditions (temperature, water status, pH, salt content, and available C), manure, and fertilizer use on emissions of N 2 O and other greenhouse gases from maize-based systems in the north-central United States (119, 121, (124) (125) (126) (127) (128) (129) . However, most of these estimates were obtained from small experimental field plots, which may not be representative of production-scale fields. Therefore, most currently used simulation models fail to account for large pulses of N 2 O emissions caused by spring thawing (130) , rapid soil warming (131), tillage and irrigation events (132) , and N application (120) , which may greatly affect annual emission rates and the net global warming potential of an agroecosystem (133) . And although C sequestration is often increased in systems that receive N fertilizer, the energy costs of N fertilizer and associated CO 2 emissions must also be included in the net greenhouse forcing budget (134) .
In summary, a number of uncertainties exist about the design of optimal management practices to sustain increases in food production while optimizing N use efficiency and C sequestration and minimizing greenhouse gas emissions. Resolving these uncertainties will require carefully designed, interdisciplinary field studies to improve fundamental understanding of crop growth and C and N cycling in response to management and environment. This knowledge can then be used to develop robust ecosystem models that accurately simulate C and N balance across a wide range of environmental conditions. Greater emphasis on conducting such studies in production-scale fields with progressive management practices are also needed to obtain realistic estimates of future C-sequestration potential and effects on greenhouse forcing.
Conclusions
A declining birth rate and projections for stable or decreasing human population within the next 40-50 years present an historical opportunity to protect natural resources for future generations. The degree to which agriculture contributes to resource conservation while meeting increased food demand is a critical component of this scenario. Increasing yields on existing cropland, limiting expansion of cultivated area, achieving a substantial increase in N fertilizer efficiency, and improving soil quality through C sequestration will be required to avoid severe natural resource degradation and to reduce emissions of greenhouse gases.
Although harvested cereal production area has remained relatively constant during the past 20 years, evidence of yield stagnation in several major cropping systems will make it increasingly difficult to sustain increases in food production without an expansion in cultivated area. Intensification of cereal production on existing cropland is required because loss of land to urbanization and industrialization largely occurs on prime agricultural land, and cropland replacement occurs at the expense of remnant forests and grass-lands that typically have poorer soils and climate for intensive crop production. Lack of progress in raising yield potential is another threat to maintaining yield advances on existing agricultural land, and the scientific challenge of increasing crop yield potential appears to have been underestimated.
Intensification presents a challenge to reducing the negative effects of N fertilizer because crop yield response to applied N follows a diminishing return function at the field level. Organic farming is not a panacea because it is equally difficult to control the fate of N from organic N sources as it is from fertilizer, especially in systems that produce at equivalent yield levels. Technologies that improve the congruence between crop N demand and the N supply from soil and fertilizer have the greatest potential to improve N efficiency. Precise N management in time and space is required, which depends on accurate prediction of soil N supply and real-time crop N demand on a field-specific basis for small farms and a site-specific basis in large production fields. Significant strides have been made towards developing this capability, but continued investment in research and extension will be needed to assure practical management options and farmer adoption. Trends in NUE and cultivated area will ultimately determine global N fertilizer requirements and the risk of N losses to the environment.
The degree to which agriculture contributes to solving or aggravating atmospheric greenhouse gas composition depends on trends in soil C sequestration and NUE. Intensive cereal production systems appear to have considerable scope for sequestering C, which can reduce net greenhouse forcing potential when NUE is high and N 2 O emissions are low. Perhaps the greatest potential for short-term gain in C sequestration exists in the reversion of marginal lands currently under cultivation and unsuitable for sustainable production to native vegetation. Avoiding further expansion of agriculture into natural ecosystems is another key factor in limiting greenhouse gas emissions. Enacting policies to support the reversion of marginal lands and protection of natural ecosystems from agricultural expansion will place an additional burden on existing highly productive cultivated areas to meet future food demand. These same productive soils also have the greatest potential for C sequestration and increased NUE.
A number of influential crop scientists and economists see few technological or biophysical constraints to meeting global food requirements of an expanding human population (97, (135) (136) (137) . These optimistic scenarios are based on two pivotal assumptions: (a) there is adequate arable land of sufficient quality to support increased grain production, and (b) an exploitable gap can be maintained between average farm yields and the genetic yield potential of the major cereal crops to allow sustained increases in crop yields. Our analysis suggests considerable uncertainty in both assumptions.
We conclude that an environmentally proactive agriculture will be required to meet food demand and protect natural resources and environmental quality. It will require policies and markets that direct intensification to existing prime agricultural land while avoiding expansion of cultivated area into natural ecosystems. It also will require substantial investments in research and extension to support scientific advances and timely development and adoption of innovative new technologies that help to close the exploitable yield gap, increase crop yield potential and N fertilizer efficiency, and improve soil quality.
